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Topological insulators are characterized by the existence of band inversion and the possibility
of the realization of surface states. Doping with a magnetic atom, which is a source of the time-
reversal symmetry breaking, can lead to realization of novel magneto–electronic properties of the
system. In this paper, we study effects of substitution by the transition metal ions (Mn, Fe, Co
and Ni) into Bi2Se3 on its electric properties. Using the ab inito supercell technique, we investigate
the density of states and the projected band structure. Under such substitution the shift of the
Fermi level is observed. We find the existence of nearly dispersionless bands around the Fermi level
associated with substituted atoms, especially, in the case of the Co and Ni. Additionally, we discuss
the modification of the electron localization function as well as charge and spin redistribution in the
system. Our study shows a strong influence of the transition metal–Se bond on local modifications
of the physical properties. The results are also discussed in the context of the interplay between
energy levels of the magnetic impurities and topological surface states.
I. INTRODUCTION
The spin-orbit interaction leads to the realization of a
topological insulator (TI) [1, 2]. Similarly as in the case of
ordinary insulators, TIs have a band gap, which separates
the highest occupied electronic band from the lowest
empty band. However, the surface of a TI is character-
ized by gapless states protected by time-reversal symme-
try [3–7]. This phenomena was experimentally observed
for the first time in HgTe / CdTe quantum wells [8, 9].
Bi2Se3 is one of several large band-gap three dimen-
sional (3D) TIs [8]. In this compound a topologically
non-trivial direct gap of 0.3 eV is observed [9]. These
topological properties were predicted by ab initio calcu-
lation [10] and are associated with band inversion near Γ
point [11]. As a consequence, the realization of the Dirac
cone surface states with hexagonal deformation [12] is
observed [10, 13–18].
Electronic parameters of Bi2Se3 compound can be
modified in a relatively simple way. For instance, the
surface states in the slab geometry can be tuned by
strain [19]. Moreover chemical gating is used to shift the
Fermi level to the the spin-degenerate Dirac point [14] or
above the conduction band bottom edge in the case of
higher concentration of doped ions [20]. Similar behav-
ior is observed also for the magnetic doping [21]. Finally,
doping can modify the spin–orbit coupling, as observa-
tions via angle-resolved photoemission (ARPES) measur-
ments show [22].
In the case of the magnetic adatom on the surface of
Bi2Se3, a giant magnetic anisotropy is observed (e.g., for
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Co [24, 25] or Fe [26, 27]). Additionally, such an impu-
rity breaks the time-reversal symmetry and suppresses
the low-energy local density of states (LDOS) around
the impurity. The surface states mediate a coupling
between the impurities, which is always ferromagnetic,
whereas the chemical potential lies close to the Dirac
point. Therefore, we expect that a finite concentration
of magnetic impurities should give rise to a ferromag-
netic ground state on the surface [28]. This mechanism
provides the physical realization of the novel topological
magneto-electric effect.
Studies of the TI and magnetic insulator (MI) het-
erostructures [29, 30] suggest a charge redistribution and
mixing of the TI and MI orbitals at the interface, what
FIG. 1. Crystal structure of Bi2Se3 topological insulator. A
primitive cell including one formula unit is marked by gray
shadow and thick black lines, whereas a conventional unit
cell (containing three primitive cells) is denoted by thin black
lines. The image was rendered using Vesta software [23].
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2leads to a drastic modification of the electronic structure
near the TI/MI interface. This suggests the existence of
the interfacial ordinary state confined within the adjacent
interfacial quintuple layer of the TI, which slowly decays
into the MI. This state is shifted downwards to the lo-
cal energy gap owing to the near-interface band bending.
Moreover, this state is gaped and spin-polarized due to
the hybridization with the MI states.
The impact of the substituted atom is also observed in
the scanning tunneling microscope (STM) surface mea-
surements [31, 32]. Even if the impurity is located below
the surface, the charge redistribution in the form of an
electronic defect can be observed [33].
Ideal Bi2(Se,Te)3 reveals bulk insulating behavior,
however, crystals grown from the stoichiometric melts
possess rather a metallic character [34]. This is a conse-
quence of the presence of native defects like Bi antisites
or Se vacancies which shift the Fermi level into the con-
duction band (they are created due to the small defect
formation energies) [35]. In this situation, the downshift
of the Fermi level to the topological gap region can be re-
alized by doping of the system with nonmagnetic atoms
like Ca, Mg or Sn [13, 17, 36]. Moreover, for relatively
large doping, the Fermi level can be shifted to the con-
duction band.
In this paper, we discuss the role of doping of topo-
logical insulator Bi2Se3 on its properties. We study the
effects caused by the 3d transition metal (TM = Mn, Co,
Fe, and Ni) ions substituted at the Bi site. We investigate
several quantities such as the density of states (DOS),
band structures, electron localization functions (ELF),
and magnetic and charge distributions. We show that
doping by TM atoms leads to the existence of nearly dis-
persionless band associated with the substituted atom,
which in the case of Co and Ni is located around the
Fermi level. In contrast to the nonmagnetic atoms, the
magnetic TM breaks the time reversal symmetry. As a
result, novel topological properties of the system are ex-
pected [37]. Finally, we discuss this aspect in the context
of the possible experimental arrangement.
The paper is organized as follows. Sec. II is devoted
to the presentation of numerical results. We briefly de-
scribe computational details (Sec. II A), present the re-
sults obtained for clean (Sec. II B) and doped (Sec. II C)
systems. Next, in Sec. II D, we discuss interplay between
the doping and the surface states in the context of cur-
TABLE I. The calculated lattice constants (after optimiza-
tion using different pseudopotentials) compared with exper-
imental data. Results are obtained in the presence of the
spin–orbit coupling and van der Waals correction.
Exp. [38] LDA GGA
a (A˚) 4.1355 4.1996 4.1173
c (A˚) 28.615 28.5180 27.7146
Eg (eV) 0.3 0.285 0.270
LDA
GGA
0 5 10 15
FIG. 2. Band structure and density of states of clean Bi2Se3
in the case of LDA and GGA calculations (red and blue lines,
respectively). The topological band gap is marked by the grey
background. Cf. also Ref. [8]. The results are obtained for
the lattice constants after optimization (which are different
for both cases, see Table I; calculation are performed in the
primitive cell). The Fermi level is located at zero energy.
rent experimental results. Finally, a summary is included
in Sec. III.
II. NUMERICAL RESULTS AND DISCUSSION
A. Calculation details
The first-principles calculations are preformed using
the projector augmented-wave (PAW) potentials [39] im-
plemented in the Vienna Ab initio Simulation Pack-
age (vasp) code [40–42]. The calculations are made
within the local density aproximation (LDA) [43, 44]
and the generalized gradient approximation (GGA) in
the Perdew, Burke, and Ernzerhof (PBE) parametriza-
tion [45]. First, the crystal structure is optimized in
the conventional unit cell including three primitive cells
(cf. Fig. 1, where the primitive cell is marked by gray
shadow) with the spin–orbit coupling (SOC). As a break
of the optimization loop, we take the condition with an
energy difference of 10−4 eV and 10−6 eV for ionic and
electronic degrees of freedom. During the crystal struc-
ture optimization loop, ionic positions, cell volume, and
cell shape are allowed to relax [46]. Van der Waals (vdW)
corrections are included using the Grimme scheme (DFT-
TABLE II. The lattice parameters (of 3×3×1 supercell) for
the system with different substitutions. Magnetic moment (in
µB) denotes the value of magnetic moment localized on the
TM atom.
clean Mn Fe Co Ni
a (A˚) 12.599 12.572 12.572 12.568 12.571
c (A˚) 28.518 28.484 28.491 28.458 28.453
mag. mom. (µB) 0.000 4.208 3.641 2.349 0.443
3FIG. 3. The electronic density in two different planes containing the substituted TM atom [marked by red and blue planes
on the left panel showing 3× 3× 1 supercell; upper (lower) panels correspond to the red (blue) plane from the left panel]. The
TM atom is labeled on the top. Distances between the TM atoms and the nearest Se atoms are indicated, whereas the dashed
white lines show a location of the van der Waals gap between the quintuple layers.
D2) [47]. In the case of the doped system, the 3× 3× 1
supercell (containing 27 primitive cells) is used with one
TM impurity substituting Bi site. It corresponds to the
concentration of magnetic impurities of about 1.85%.
For the summation over the reciprocal space, one uses
12 × 12 × 3 and 4 × 4 × 3 k–point Γ–centered grids in
the Monkhorst–Pack scheme [48], in the case of the con-
ventional cell (for the clean system) and the supercell
(for the doped system), respectively. The energy cut-
off for the plane-wave expansion is set to 350 eV. The
crystall symmetry is analyzed using FindSym [49] and
SpgLib [50], while the momentum space analysis is done
with using SeeK-path tools [51].
B. Clean Bi2Se3
The Bi2Se3 family of compounds crystallizes with the
R3¯m symmetry (space group no. 166) [38]. As shown
in Fig. 1, the system has a layered structure with the
quintuple layer (QL) as a basic unit. Each QL consists
of five atomic layers formed by Se(1)–Bi–Se(2)–Bi–Se(1)
atoms. Within the QL, Se atoms take two nonequivalent
positions. Se(1) atomic layer is adjacent only to one Bi
layer. Contrary to this, Se(2) atomic layer located inside
the QL is surrounded by two Bi layers. Inside the QL,
strong bonding between molecular p-like orbitals is pro-
duced along the five-atom linear chain [52]. The interac-
tion between two Se(1) layers belonging to two different
QLs layers is of the van der Waals type.
In the case of Bi2Se3, lattice parameters and gap val-
ues are very sensitive to used pseudopotentials [53]. For
instance, some hybrid pseudopotentials lead to underesti-
mation of gap values, while GGA PBE gives an incorrect
indirect gap [54]. In this compound, interactions of van
der Waals type play a crucial role [55, 56]. Previous stud-
ies showed, that the fullest consistency of experimental
and theoretical results can be obtained from LDA+GW
calculations with the relaxed atomic positions [9, 57, 58].
In addition, theoretical studies show existence of the
strong correlation between the value of the topological
gap and the value of lattice constant c [19].
A comparison of our results in the case of LDA and
GGA PBE pseudopotentials is shown in Table I and
Fig 2. In both cases, band structures and DOS have
qualitatively similar form. However, the LDA calcula-
tions reproduce both the experimental parameters and
the band gap of the clean Bi2Se3 more accurately (i.e.,
without substitutions). Therefore, in the following parts
of the manuscript, we present the results obtained solely
by using the LDA pseudopotentials.
C. Doped Bi2Se3
In TM-doped Bi2Se3, the optimization of the crystal
structure leads to the lowering of the supercell symmetry
to the P3m1 (space group no. 156), due to the distortion
of atoms located near the substituted TM atom. Addi-
tionally, distance between the TM atom and the nearest
Se atoms in the doped system decreases in the series Mn,
Fe, Co, Ni and, simultaneously, it is smaller than the
distance between Bi–Se atoms in one QL of the clean
system, due to smaller atomic radius of considered TMs
atoms than Bi. We present explicitly values of these dis-
tances in Fig. 3. As we can see, the TM–Se(1) distance
(to the van der Waals gap site) is more suppressed than
the TM–Se(2) bond (directed to the QL center). In the
4FIG. 4. The band structures and the electronic density of states (DOS) for the TM doped systems (labeled on the top). Band
structure is plotted along high symmetry points in the supercell geometry [i.e., Z¯ = (0, 0, 0.5), Γ = (0, 0, 0), and X¯ = (0.5, 0, 0)].
In plots of the band structure [i.e., panels (a), (c), (e), and (g)], size of blue dots corresponds to the contribution of the
substituted TM atom to the energy level. Similarly, blue lines in DOS [i.e., panels (b), (d), (f), and (i)] show partial DOSs of
the substituted TM atoms. The Fermi level is located at zero energy.
5FIG. 5. Modifications of the charge distribution by the substituted TM atoms (for isosurfaces absolute modification equaling
2× 10−3 e/A˚3). Yellow and cyan colors correspond to increasing and decreasing charge density, respectively. The TM atom is
labeled on the top.
clean system, these relaxed distances are equal 2.903 A˚
and 3.102 A˚, respectively. Experimental data for the
clean system indicates 2.850 A˚ and 3.074 A˚, respectively.
Moreover, the strong bonding between TM and Se atoms
is visible in the charge density. This shows a strong local
contraction of the bonds, which has been also observed
in similar TM-doped structures [59–61]. This contrac-
tion enhances the covalent character of the TM–Se bonds,
which can have important consequences for the electronic
and magnetic properties of the TM-doped Bi2Se3 [59].
The results of our calculations show that the supercell
volume of the doped system is smaller than that in the
clean case (cf. Table II). One should note that this behav-
ior was reported previously in the case of the Mg doped
system [62]. In the case of the Sb substitution, the vol-
ume initially increases for low doping and then decreases
for high doping concentration [63]. If Bi2Se3 is doped by
TMs, magnetic moment appears in the system which is
localized mainly on TM ions. Due to hybridization with
the rest of the states, we observe smaller magnetic mo-
mentsthan for the corresponding free atoms. The frac-
tional magnetic moments are discussed in Sec. II D in
more detail.
Band structure and density of states. — Calculated
band structures (BS) and density of states (DOS) are
shown in Fig. 4. Projection of states into the TM sub-
stituted atoms are marked by blue dots and blue back-
ground area, in the case of BS and DOS, respectively.
In every case, we observe many well-localized dispersion-
less states of the TM atoms. However, only for Co and
Ni substitutions, we observe their localization around the
Fermi level, e.g., in the form of clear peak at E = 0 eV in
DOS. Typically, the system becomes an electron-doped
and the Fermi level is shifted to the bottom of the con-
duction band [64]. Similar behavior was observed exper-
imentally in the case of MnBi2Se4/Bi2Se3 heterostruc-
ture [65], i.e., a magnetic monolayer deposited into the
TI. A shift of Fermi level is associated with a change of
the energy levels around ∼ 0.5 eV [66], which is bigger
than the related value of insulating gap. Contrary to
this, in the case of Mn-doped system, the Fermi level is
located below the top of the valence band of the clean
system.
The band structures reveals differences between the
TM and the QL atoms. First, energy levels of the bands
of the base system (gray lines in Fig. 4) exhibit weak mo-
6mentum dependence in the z-direction due to QL struc-
ture. An impact of the TM is indicated by a size of the
blue dots in Fig. 4. In each case, we notice a “wide”
energy window of the TM states below the Fermi level,
what is related to strong hybridization of the d-orbital
energy levels (of TM) with p-orbital states. As opposed
to this, the TM states above or near the Fermi level
are well-localized in “narrow” energy window in a form
of dispersionless bands. Generally, the shift of the en-
ergy between levels below and above the Fermi level is
relatively concordant with the splitting due to the field
associated with the magnetic moment of the TM atom
(cf. Table II). From this, independently of the spin-orbit
coupling, in the studied system, one expects the sepa-
ration of electrons in spin-↑ and spin-↓ subspaces in the
energy domain.
Similarly as in the clean system, the valence and con-
duction bands consist of Bi and Se p orbitals [52]. All
other orbitals are located far away from the Fermi level
(in the energy domain). In the clean system, these p or-
bitals are responsible for a creation of strong σ-bonding
between Bi–Se atoms [52]. Introduced substituted TM
atom modifies the bonding in the frame of one QL, what
is very well visible in modifications of the charge distri-
bution (Fig. 5).
Charge and spin redistribution. — The changes in the
charge distribution induced by the substituted TM atom
can be specified more precisely using the differences of
charge and spin densities. The modification of the charge
density in Bi2Se3 by substitution of TM atom, can be
shown by the difference between the charge densities of
the (initial) doped system and both separated compo-
nents [67], namely:
∆ρ = ρTMxBi2−xSe3 −
(
ρTMx/vac + ρvac/Bi2−xSe3
)
, (1)
where ρTMxBi2−xSe3 , ρTMx/vac, and ρvac/Bi2−xSe3 corre-
spond to charge density calculated for the doped system,
separated TM atom, and the system without substituted
atoms (i.e., the system in the presence of vacancy [68]),
respectively. The redistribution of the spin density can be
defined analogously. Modifications of the charge distri-
bution due to the TM substitution are shown in Fig. 5. In
both cases strongest modification of charge and spin (not
shown here) densities are observed along strong bonds be-
tween TM and Se atoms. Here, it should be noticed that
Se(1) atoms play more important role than Se(2) atoms
in the frame of one QL. The redistribution of charge and
spin inherits of the C3 symmetry of the system. This be-
havior can be observed indirectly in the STM mapping
of the Bi2Se3 surface [31–33]. In this case, when vacancy
or impurity is included to the system, modification of
the charge is strongly observed along σ bonding. As a
consequence characteristic charge density defects with C3
symmetry on the surface is observed [31–33].
Finally, one notes that the magnetic moment of the
system is strongly localized on the TM atom (cf. Ta-
ble II). Thus, only a small modification (in a range of
1 mµB/A˚
3) of the spin density around atoms near the
FIG. 6. The modification of the electron localization function
(ELF) by the Fe substitution [cf. Eq. (2)]. The TM atom is
located at the center of the supercell. Presented isosurface is
obtained for ∆ELF = 0.5.
TM impurity is observed.
Electron localization function. — The influence of the
TM on the character of the electronic states around the
substituted atom can be studied by the electron localiza-
tion function (ELF) [69–71], which can take values from
0 to 1. Large values of ELF (i.e., close to 1) is associated
with a high localization (small mobility) of electron at a
given place. Small values (i.e., around 0) correspond to
delocalized (itinerant) electrons.
Similar as in the case of the charge density, the modi-
fications of the ELF can be calculated as [cf. Eq. (1)]:
∆ELF = ELFTMxBi2−xSe3 (2)
− (ELFTMx/vac + ELFvac/Bi2−xSe3) .
For instance, we show the ELF modification in the case
of the Fe dopant (Fig. 6). The base system (i.e., clean
Bi2Se3) is TI, which implies large value of ELFBi2Se3
(nearly 1 in whole volume of the system). Introduction
of the TM atom leads to decrease of the localization elec-
trons around this atom. This behavior is compliant with
experimental data, where the influence of magnetic im-
purity Fe on single crystals Bi2Se3 was investigated in
the high magnetic fields by Shubnikov–de Haas (SdH)
effect [72]. Based on the SdH effect and the Hall ef-
fect measurements, it was established that the doping of
Bi2Se3 single crystals by Fe leads to an increase of the
concentration of free electrons.
D. Interplay between impurity levels and
topological surface states
In this subsection, we begin with discussing the im-
pact of the impurity on the band structures in the general
case. The schematic representation of the band structure
of the doped system is presented in Fig. 7. In the case of
7the clean bulk system, we observed existence of the topo-
logical gap (cf. Fig. 2), between valence and conduction
bands (represented by the black parabolas with the gray
background in Fig. 7). Due to topological nature of the
Bi2Se3, in a real system with the ’edge’, one observes
forming of the metallic surface states in the form of the
Dirac cone (the blue lines in Fig. 7) [10, 12–18]. Doping
of the system leads to the introduction of the impurity
levels (ILs) to the energy spectrum of the system (the
red line in Fig. 7).
Properties of the bands formed by the ILs depends on,
e.g., the type of the impurity and its concentration. The
type of the impurity atoms plays an important role in
the shifting of the Fermi level (schematically indicated
by the green dashed line in Fig. 7). The single impurity
leads to an appearance of discrete energy levels, i.e., flat
bands, while increasing concentration of the impurities
leads to forming of dispersive bands. A theoretical study
of the Bi2Se3 doped with Sn in the frame of the Korringa-
Kohn-Rostoker method [73], shows that the change of the
doped atom concentration from 0.05 % to 1 % leads to
modification ILs from separate narrow peak to dispersion
band with the width of about 0.25 eV. A similar effect can
be expected in the case of the TM atom doping. In our
case, increasing number of impurities can be associated
with emergence of the sublattice of the TM atoms. How-
ever, distances between them should be relatively large
(of the order of several lattice constants). In lower con-
centration, the mediation between dopant atoms should
be carried out via itinerant electrons of the base system.
Increasing concentration should enhance second mecha-
nism of dispersive band forming, i.e., increasing overlap
between orbitals of the TM atoms within the sublattice.
Additionally, above some critical concentration, a real-
ization of the long-range ferromagnetic (FM) order can
be expected due to the Ruderman-Kittel-Kasuya-Yosida
mechanism [74]. This effect was theoretically investi-
a) b) c) d)
VB
SS
IL CB
FIG. 7. Schematic representation of the doped system band
structure near the Fermi level (the green dashed line). In
the clean system one observes the topological gap between
the continuum spectrum of the valence band (VB) and the
conduction band (CB), represented by the black parabolas
with the gray backgrounds. Due to the topological proper-
ties of the TI, in a realistic system one observes forming of
the metallic surface states in a form of the Dirac cones (the
blue lines). Introducing the impurity to the system leads to
an emergence of the impurity levels (ILs), in a form of the
(nearly-)dispersionless band (the red lines).
gated, e.g., in the case of the Bi2Se3 doped with Mn,
for concentrations above 3.2 %. However, experimental
data from the Mn doped Bi2Se3 epitaxial layer, suggest
existence of long-range FM order even for smaller con-
centration of Mn (around concentration of 1.0 %) [75].
In the case of the atoms with a high (low) electron
concentration, the Fermi level can be shifted to the con-
duction (valence) band [cf. Fig. 7(a) and (d)]. One can
expect a situation, in which ILs are located around the
topological gap above or below the Fermi level [Fig. 7(b)
and (c), respectively].
Here, we should mention a role of the hybridization
of the doped atom and atomic levels of the base sys-
tem. Dependently on a position of the energy levels of
the TM doped atom, we observe different behavior of its
DOS contribution (cf. Fig. 4). States around the topo-
logical gap are narrow, but states located deep in the
bands are more smeared. This can be associated with
the hybridization of the TM orbitals with the orbitals
of base system. Exact analyses of the partial electronic
DOS [76] show that the valence band is composed mostly
of p states of Se, while conduction band is composed of p
states of Se and Bi as well as s states of Se. The d states
of TM are hybridized with p orbitals of the neighboring
Se atoms, which suppress their localization. If the ILs lie
around the topological gap, the strong peaks appear in
DOSs and become more delocalized as the dopant con-
centration increases. The situation is similar to ordinary
semiconductors [77–79], in which the TM impurity levels
can form clear peaks only if they are weakly hybridized
with the host states of the same symmetry.
Doping of the Bi2Se3 by the magnetic atoms, leads not
only to the Fermi energy level shift but also to breaking of
the time reversal symmetry. Thus, the gap is opened at
the Dirac point (so-called Dirac gap) [21, 37]. Moreover,
the spin texture of the surface states is modified [80].
This effects have consequences within the surface electric
transport measurements [14], and will be discussed in the
next paragraphs.
The Fermi level in real system. — As we mentioned
in the introduction, the Bi2Se3 crystal exhibits metal-
lic character due to intrinsic defects [34, 35], which have
their donor levels above the conduction band minimum
as in Fig. 7(a). This is in contrast to the theoretical
results, where the TI nature of this compound is well
visible (cf. Sec. II B and Fig. 2). In the simplest case,
the shift of the Fermi level to the topological gap re-
gion can be obtained by doping of the system by non-
magnetic atoms. For example, in the case of the 0.25%
doping by Ca atoms, the Fermi level was shifted to
the Dirac point [13, 14]. Similar effect was observed
in the case of 1% Mg doping [17]. Further increase
of the doped atom concentration leads to the shift of
Fermi level to the conduction band [20]. Also some
more complicated crystal structures are obtained, e.g.,
(Bi1−xSbx)2(Se1−yTey)3 [36, 81] and other related doped
compounds [82, 83] to compensate all donors in the sys-
tem and to lower the Fermi level.
8A shift of the Fermi level to lower energies can be also
carried out by doping the system by magnetic atoms.
This shift strongly depends on a type of doped atoms.
For example, doping by Fe opens the Dirac gap, while the
Fermi level is located in the conduction band. Replacing
Fe by Mn atoms leads to a shift of the Fermi level to the
lower energies [21, 37]. ARPES experiments for the Mn
doped system show the location of the Fermi level above
the Dirac gap (more precisely, the Fermi level crosses the
surface states from the conduction band) for Mn concen-
tration smaller than 0.5 % [37]. Then, the Mn energy
levels are visible in the DOS at the top of the valence
band [37]. This type of electron structure modification
is the most interesting when it leads to the location of
the Fermi level around the Dirac point and consequently
to the realization of the quantum topological transport.
Experimental data suggests that this can be realized for
Mn concentration of 1.0 % [21].
The above-mentioned results are predominantly in the
compliance with our ab initio theoretical results (see
Fig. 8 for details of the electronic band structures near
the Fermi level). Doping of the system by Mn leads to
the shift of the Fermi level to the valence band [Fig. 8(a)],
while in all other cases the Fermi level is located in the
conduction band. Comparing the band structures ob-
tained for the TM doped systems [panels (a)–(d) of Fig. 8]
with the reference band structure of the clean Bi2Se3
[Fig. 8(e)], one notices that the band degeneracy is re-
moved. This is a consequence of two effects: (i) modi-
fication of the crystal structure by doped atoms (i.e., a
change of the distances between atoms) and (ii) removal
of the spin-degeneracy due to the time reversal symmetry
breaking by magnetic TM dopants. However, the loca-
tion of the Fermi level depends also on the impurity atom
concentration.
Here, we would like to discuss the role of the doping
on the value of the magnetic moment of the substituted
TM atoms. From the results collected in Tab. II, we
can conclude that the magnetic moments are fractional
and thus the calculated charge states of the TM ions are
between 2+ and 3+ (except for Ni ions, in which the
magnetic moment indicates the charge state between 3+
and 4+). Taking into account that the real samples ex-
hibit conductivity of n-type, we expect that they act as
acceptors and exist in 2+ charge state. Indeed, Mn2+
signal with magnetic moment of 5µB in Bi2Se3 was ob-
served by EPR measurements [84]. The Mn2+ level is
located within the valence band [see Fig. 8(a)] and thus
compensates nonintentional donors and shift the Fermi
energy below the conduction band. Assuming that the
main effect of increasing Mn concentration on the elec-
tron structure is broadening of the Mn-induced bands,
the Fermi level should be shifted down to the Mn level
(so to the maximum of the valence band) as long as all
donors are not compensated. For higher concentrations,
both Mn2+ (with maximal magnetic moment of 5 µB)
and Mn3+ (with 4 µB magnetic moment) can coexist in
the sample.
FIG. 8. (a)–(d) Zoom on the electronic band structures
around the Fermi level presented in Fig. 4 with a focus on a
contribution of the substituted TM atom to energy levels. All
denotations are as in Fig. 4 (i.e., size of blue dots corresponds
to a contribution of the substituted TM atom to the energy
level). (e) The reference band structure of the clean Bi2Se3
calculated in the 3×3×1 supercell. Yellow bars on the right of
panel (e) denote the energy ranges shown on panels (a)–(d).
Experimental observation. — An increase of the
doped atom concentration can also lead to realization
of the ferromagnetic order, which is induced by the spin-
spin interaction mediated by the surface states [21, 28].
In fact, the magnetic impurities lead to the effect simi-
lar to the external magnetic field, where negative mag-
netoresistance (MR) is observed [85]. In the absence
of magnetic doping, the negative MR is due to the
weak localization effect coexisting with the weak anti-
localization effect (positive MR) under a low magnetic
field [83, 86–88]. The transition between weak localiza-
tion and weak anti-localization is demonstrated as a gap
opening at the Dirac point of surface states in the quan-
tum diffusive regime. This phenomena was reported in
the case of the Cr doped TI [89]. This type of experi-
ments, realized in the TI nanoflake devices, suggest the
occurence of the surface dominated transport in low tem-
peratures [90]. Here, doping is an effective way to ma-
nipulate the magneto-transport properties of the TI [88].
Also in the MR measurements, results strongly depend
9on the Fermi level location. For example, in the Fe doped
material, the experiments show exactly a location of the
Fermi level in the conduction band [72], what is in con-
cordance with results presented in this work. Morover, in
this case the negative MR was reported [91]. In Bi2Te3,
an increase of the Fe doping leads to several transition on
the phase diagram, from a paramagnetic TI, through a
magnetic band insulator, to a valence bond glass TI [92]
Similar effect is expected in the Bi2Se3 [91].
Finally, an interesting phenomena associated with the
topological properties of the magnetically doped 3D TI
is the realization of the quantum anomalous Hall effect
(QAHE) [93, 94]. When one spin channel is suppressed
due to time reversal symmetry breaking, the other spin
channel should exhibit QAHE in the form of the dis-
sipationless spin chiral edge mode. The time reversal
symmetry can be broken due to magnetic doping, and
thus the external magnetic field is not necessary [95, 96].
When the Fermi level is located around the Dirac point,
the QAHE is expected. Such conditions are provided by
Mn2+ or Fe3+, see Fig. 8. However, the presence of na-
tive donors makes it impossible to realize Fe3+ for any
Fe concentration. Indeed, experimental realization of this
phenomena was reported in the Mn [97, 98], Cu [99], or
Cr [100], but not in Fe doped TI.
One should also notice that the mentioned above ex-
perimental results were obtained in the case of the quasi-
2D system, i.e., in a form of nanoflakes or nanodevices.
In such situations, the role of the magnetic doping is ex-
pected to be more important than in real 3D TI.
III. SUMMARY
In this paper we study the influence of the transi-
tion metal atom (Mn, Fe, Co and Ni) doping in Bi2Se3.
Strong influence of the layered structure of the base ma-
terial into electronic properties is observed. The quintu-
ple layer structure of Bi2Se3, which is responsible for an
existence of strong bonding between p-like orbitals along
the five-atom linear chain, plays a crucial role not only
in magneto-electric phenomena but also influences the
behavior of the topological state of the system. The in-
troduction of transition metal into the parent material
leads to the modification of such bonds. The strongest
changes of distribution of the charge and spin densities
are observed along these bonds.
Concluding, the substitution of the the transition
metal has a bigger effect on the nearest Se atoms within
quintuple layer than on Bi atoms. Doping by Fe, Co
and Ni, shifts the Fermi level to the conduction band.
Moreover, in the case of Co and Ni doping, energy lev-
els located at the Fermi level are mostly associated with
the substituted atoms. This shows that in some cases it
is possible to realize the spin-polarized resonant energy
level around the Fermi level [101]. In combination with
the relatively large topological gap of Bi2Se3, this opens
a new way of the realization of artificial in-topological-
gap bound states induced, in particular, by Co and Ni
atoms. Similarly, in some range of doping by the Mn
and Fe atoms, the doping can lead to realization of the
new topological behavior associated with quantum Hall-
like phenomena or spin-polarized protected edge states.
Both aspects are very interesting from the experimen-
tal point of view and possible practical implementation
of the doped TI in the spintronic devices. The further
studies of this issue are necessary.
ACKNOWLEDGMENTS
This work was supported by the National Sci-
ence Centre (NCN, Poland) under projects: OPUS
no. 2017/25/B/ST3/02586 (A.P.), SONATINA no.
2017/24/C/ST3/00276 (K.J.K.), and SONATA no.
2016/21/D/ST3/03385 (A.C.). A.P. and K.J.K. ap-
preciate also founding in the frame of scholarships of
the Minister of Science and Higher Education (Poland)
for outstanding young scientists (2019 edition, nos.
818/STYP/14/2019 and 821/STYP/14/2019, respec-
tively).
[1] M. Z. Hasan and C. L. Kane, “Colloquium: topological
insulators,” Rev. Mod. Phys. 82, 3045 (2010).
[2] X.-L. Qi and S.-Ch. Zhang, “Topological insulators and
superconductors,” Rev. Mod. Phys. 83, 1057 (2011).
[3] C. L. Kane and E. J. Mele, “Z2 topological order and the
quantum spin Hall effect,” Phys. Rev. Lett. 95, 146802
(2005).
[4] C. L. Kane and E. J. Mele, “Quantum spin Hall effect
in graphene,” Phys. Rev. Lett. 95, 226801 (2005).
[5] J. E. Moore and L. Balents, “Topological invariants of
time-reversal-invariant band structures,” Phys. Rev. B
75, 121306(R) (2007).
[6] R. Roy, “Topological phases and the quantum spin Hall
effect in three dimensions,” Phys. Rev. B 79, 195322
(2009).
[7] R. Roy, “Z2 classification of quantum spin Hall systems:
An approach using time-reversal invariance,” Phys. Rev.
B 79, 195321 (2009).
[8] H. Zhang, Ch.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, and
S.-Ch. Zhang, “Topological insulators in Bi2Se3, Bi2Te3
and Sb2Te3 with a single Dirac cone on the surface,”
Nat. Phys. 5, 438 (2009).
[9] I. A. Nechaev, R. C. Hatch, M. Bianchi, D. Guan,
C. Friedrich, I. Aguilera, J. L. Mi, B. B. Iversen,
S. Blu¨gel, Ph. Hofmann, and E. V. Chulkov, “Evi-
dence for a direct band gap in the topological insulator
Bi2Se3 from theory and experiment,” Phys. Rev. B 87,
121111(R) (2013).
[10] Y. Xia, D. Qian, D. Hsieh, L. Wray, A. Pal, H. Lin,
A. Bansil, D. Grauer, Y. S. Hor, R. J. Cava, and M. Z.
10
Hasan, “Observation of a large-gap topological-insulator
class with a single Dirac cone on the surface,” Nat. Phys.
5, 398 (2009).
[11] H.-J. Noh, H. Koh, S.-J. Oh, J.-H. Park, H.-D. Kim,
J. D. Rameau, T. Valla, T. E. Kidd, P. D. Johnson,
Y. Hu, and Q. Li, “Spin-orbit interaction effect in
the electronic structure of Bi2Te3 observed by angle-
resolved photoemission spectroscopy,” EPL 81, 57006
(2008).
[12] Z. Alpichshev, J. G. Analytis, J.-H. Chu, I. R. Fisher,
Y. L. Chen, Z. X. Shen, A. Fang, and A. Kapit-
ulnik, “Stm imaging of electronic waves on the sur-
face of Bi2Te3: Topologically protected surface states
and hexagonal warping effects,” Phys. Rev. Lett. 104,
016401 (2010).
[13] D. Hsieh, D. Qian, L. Wray, Y. Xia, Y. S. Hor, R. J.
Cava, and M. Z. Hasan, “A topological Dirac insulator
in a quantum spin Hall phase,” Nature 452, 970 (2008).
[14] D. Hsieh, Y. Xia, D. Qian, L. Wray, J. H. Dil, F. Meier,
J. Osterwalder, L. Patthey, J. G. Checkelsky, N. P. Ong,
A. V. Fedorov, H. Lin, A. Bansil, D. Grauer, Y. S. Hor,
R. J. Cava, and M. Z. Hasan, “A tunable topological
insulator in the spin helical Dirac transport regime,”
Nature 460, 1101 (2009).
[15] D. Hsieh, Y. Xia, D. Qian, L. Wray, F. Meier, J. H.
Dil, J. Osterwalder, L. Patthey, A. V. Fedorov, H. Lin,
A. Bansil, D. Grauer, Y. S. Hor, R. J. Cava, and
M. Z. Hasan, “Observation of time-reversal-protected
single-dirac-cone topological-insulator states in Bi2Te3
and Sb2Te3,” Phys. Rev. Lett. 103, 146401 (2009).
[16] D. Hsieh, Y. Xia, L. Wray, D. Qian, A. Pal, J. H. Dil,
J. Osterwalder, F. Meier, G. Bihlmayer, C. L. Kane,
Y. S. Hor, R. J. Cava, and M. Z. Hasan, “Observation
of unconventional quantum spin textures in topological
insulators,” Science 323, 919 (2009).
[17] K. Kuroda, M. Arita, K. Miyamoto, M. Ye, J. Jiang,
A. Kimura, E. E. Krasovskii, E. V. Chulkov, H. Iwa-
sawa, T. Okuda, K. Shimada, Y. Ueda, H. Namatame,
and M. Taniguchi, “Hexagonally deformed Fermi sur-
face of the 3D topological insulator Bi2Se3,” Phys. Rev.
Lett. 105, 076802 (2010).
[18] M. Nomura, S. Souma, A. Takayama, T. Sato, T. Taka-
hashi, K. Eto, K. Segawa, and Y. Ando, “Relation-
ship between Fermi surface warping and out-of-plane
spin polarization in topological insulators: A view from
spin- and angle-resolved photoemission,” Phys. Rev. B
89, 045134 (2014).
[19] H. Aramberri and M. C. Mun˜oz, “Strain-driven tunable
topological states in Bi2Se3,” J. Phys. Mater. 1, 015009
(2018).
[20] Y. S. Hor, A. Richardella, P. Roushan, Y. Xia, J. G.
Checkelsky, A. Yazdani, M. Z. Hasan, N. P. Ong,
and R. J. Cava, “p-type Bi2Se3 for topological insula-
tor and low-temperature thermoelectric applications,”
Phys. Rev. B 79, 195208 (2009).
[21] Y. L. Chen, J.-H. Chu, J. G. Analytis, Z. K. Liu,
K. Igarashi, H.-H. Kuo, X. L. Qi, S. K. Mo, R. G. Moore,
D. H. Lu, M. Hashimoto, T. Sasagawa, S. C. Zhang,
I. R. Fisher, Z. Hussain, and Z. X. Shen, “Massive
Dirac fermion on the surface of a magnetically doped
topological insulator,” Science 329, 659 (2010).
[22] P. D. C. King, R. C. Hatch, M. Bianchi, R. Ovsyan-
nikov, C. Lupulescu, G. Landolt, B. Slomski, J. H. Dil,
D. Guan, J. L. Mi, E. D. L. Rienks, J. Fink, A. Lindblad,
S. Svensson, S. Bao, G. Balakrishnan, B. B. Iversen,
J. Osterwalder, W. Eberhardt, F. Baumberger, and
Ph. Hofmann, “Large tunable rashba spin splitting of
a two-dimensional electron gas in Bi2Se3,” Phys. Rev.
Lett. 107, 096802 (2011).
[23] K. Momma and F. Izumi, “vesta3 for three-
dimensional visualization of crystal, volumetric and
morphology data,” J. Appl. Crystallogr. 44, 1272
(2011).
[24] P. Gambardella, S. Rusponi, M. Veronese, S. S. Dhesi,
C. Grazioli, A. Dallmeyer, I. Cabria, R. Zeller, P. H.
Dederichs, K. Kern, C. Carbone, and H. Brune, “Giant
magnetic anisotropy of single cobalt atoms and nanopar-
ticles,” Science 300, 1130 (2003).
[25] T. Eelbo, M. Sikora, G. Bihlmayer, M. Dobrzan´ski,
A. Koz lowski, I. Miotkowski, and R. Wiesendanger,
“Co atoms on Bi2Se3 revealing a coverage dependent
spin reorientation transition,” New J. Phys. 15, 113026
(2013).
[26] J. Honolka, A. A. Khajetoorians, V. Sessi, T. O.
Wehling, S. Stepanow, J.-L. Mi, B. B. Iversen,
T. Schlenk, J. Wiebe, N. B. Brookes, A. I. Lichtenstein,
Ph. Hofmann, K. Kern, and R. Wiesendanger, “In-
plane magnetic anisotropy of Fe atoms on Bi2Se3(111),”
Phys. Rev. Lett. 108, 256811 (2012).
[27] T. Eelbo, M. Was´niowska, M. Sikora, M. Dobrzan´ski,
A. Koz lowski, A. Pulkin, G. Aute`s, I. Miotkowski, O. V.
Yazyev, and R. Wiesendanger, “Strong out-of-plane
magnetic anisotropy of fe adatoms on Bi2Te3,” Phys.
Rev. B 89, 104424 (2014).
[28] Q. Liu, Ch.-X. Liu, C. Xu, X.-L. Qi, and S.-Ch. Zhang,
“Magnetic impurities on the surface of a topological in-
sulator,” Phys. Rev. Lett. 102, 156603 (2009).
[29] S. V. Eremeev, V. N. Men’shov, V. V. Tugushev, P. M.
Echenique, and E. V. Chulkov, “Magnetic proxim-
ity effect at the three-dimensional topological insula-
tor/magnetic insulator interface,” Phys. Rev. B 88,
144430 (2013).
[30] W. Luo and X.-L. Qi, “Massive Dirac surface states
in topological insulator/magnetic insulator heterostruc-
tures,” Phys. Rev. B 87, 085431 (2013).
[31] J. Dai, D. West, X. Wang, Y. Wang, D. Kwok, S.-W.
Cheong, S. B. Zhang, and W. Wu, “Toward the intrinsic
limit of the topological insulator Bi2Se3,” Phys. Rev.
Lett. 117, 106401 (2016).
[32] L. Miao, Y. Xu, W. Zhang, D. Older, S. A. Bre-
itweiser, E. Kotta, H. He, T. Suzuki, J. D. Denlinger,
R. R. Biswas, J. G. Checkelsky, W. Wu, and L. A.
Wray, “Observation of a topological insulator Dirac
cone reshaped by non-magnetic impurity resonance,”
npj Quant. Mater. 3, 29 (2018).
[33] Ch. Mann, D. West, I. Miotkowski, Y. P. Chen,
S. Zhang, and Ch.-K. Shih, “Mapping the 3D surface
potential in Bi2Se3,” Nat. Commun. 4, 2277 (2013).
[34] S. Jia, H. Ji, E. Climent-Pascual, M. K. Fuccillo, M. E.
Charles, J. Xiong, N. P. Ong, and R. J. Cava, “Low-
carrier-concentration crystals of the topological insula-
tor Bi2Te2Se,” Phys. Rev. B 84, 235206 (2011).
[35] Z. Ren, A. A. Taskin, S. Sasaki, K. Segawa, and
Y. Ando, “Fermi level tuning and a large activation
gap achieved in the topological insulator Bi2Te2Se by
Sn doping,” Phys. Rev. B 85, 155301 (2012).
[36] S. K. Kushwaha, Q. D. Gibson, J. Xiong, I. Pletikosic,
A. P. Weber, A. V. Fedorov, N. P. Ong, T. Valla, and
11
R. J. Cava, “Comparison of Sn-doped and nonstoichio-
metric vertical-Bridgman-grown crystals of the topolog-
ical insulator Bi2Te2Se,” J. Appl. Phys. 115, 143708
(2014).
[37] J. Sa´nchez-Barriga, A. Varykhalov, G. Springholz,
H. Steiner, R. Kirchschlager, G. Bauer, O. Caha,
E. Schierle, E. Weschke, A. A. U¨nal, S. Valencia,
M. Dunst, J. Braun, H. Ebert, J. Mina´r, E. Golias, L. V.
Yashina, A. Ney, V. Holy´, and O. Rader, “Nonmagnetic
band gap at the Dirac point of the magnetic topologi-
cal insulator (Bi1−xMnx)2Se3,” Nat. Commun. 7, 10559
(2016).
[38] C. Pe´rez Vicente, J. L. Tirado, K. Adouby, J. C. Jumas,
A. Abba Toure´, and G. Kra, “X-ray diffraction and
119Sn Mo¨ssbauer spectroscopy study of a new phase in
the Bi2Se3-SnSe system: SnBi4Se7,” Inorg. Chem. 38,
2131 (1999).
[39] P. E. Blo¨chl, “Projector augmented-wave method,”
Phys. Rev. B 50, 17953 (1994).
[40] G. Kresse and J. Hafner, “Ab initio molecular-
dynamics simulation of the liquid-metal–amorphous-
semiconductor transition in germanium,” Phys. Rev. B
49, 14251 (1994).
[41] G. Kresse and J. Furthmu¨ller, “Efficient iterative
schemes for ab initio total-energy calculations using a
plane-wave basis set,” Phys. Rev. B 54, 11169 (1996).
[42] G. Kresse and D. Joubert, “From ultrasoft pseudopoten-
tials to the projector augmented-wave method,” Phys.
Rev. B 59, 1758 (1999).
[43] J. P. Perdew and A. Zunger, “Self-interaction correction
to density-functional approximations for many-electron
systems,” Phys. Rev. B 23, 5048 (1981).
[44] J. P. Perdew and Y. Wang, “Accurate and simple an-
alytic representation of the electron-gas correlation en-
ergy,” Phys. Rev. B 45, 13244 (1992).
[45] J. P. Perdew, K. Burke, and M. Ernzerhof, “Generalized
gradient approximation made simple,” Phys. Rev. Lett.
77, 3865 (1996).
[46] Analogous calculations can be performed in the case
of the lattice parameters and atomic position obtained
from the experimental data. However, the absence of
the volume relaxation leads to the emergence of internal
pressure. In our case we found: −12.82 kB for the LDA
and 29.00 kB for the GGA. Similarly, the absence of
the atomic relaxation leads to the emergence of internal
forces acting on atoms. The maximal force found in the
case LDA is equal to 0.2215 eV/A˚, while for GGA it
is 0.2986 eV/A˚. Also the gap value is underestimated
and it is equal to approximately 0.25 eV in both cases.
Moreover, in the case of the doped system, the absence
of the optimization step can lead to unphysical results
and behaviors due to incorrect distances between atoms.
[47] S. Grimme, “Semiempirical GGA-type density func-
tional constructed with a long-range dispersion correc-
tion,” J. Comput. Chem. 27, 1787 (2006).
[48] H. J. Monkhorst and J. D. Pack, “Special points for
Brillouin-zone integrations,” Phys. Rev. B 13, 5188
(1976).
[49] Harold T. Stokes and Dorian M. Hatch, “FindSym:
program for identifying the space-group symmetry of
a crystal,” J. Appl. Cryst. 38, 237 (2005).
[50] A. Togo and I. Tanaka, “SpgLib: a software library for
crystal symmetry search,” (2018), arXiv:1808.01590.
[51] Y. Hinuma, G. Pizzi, Y. Kumagai, F. Oba, and
I. Tanaka, “Band structure diagram paths based on
crystallography,” Comput. Mater. Sci. 128, 140 (2017).
[52] S. K. Mishra, S. Satpathy, and O. Jepsen, “Electronic
structure and thermoelectric properties of bismuth tel-
luride and bismuth selenide,” J. Phys.: Condens. Matter
9, 461 (1997).
[53] S. Park and B. Ryu, “Hybrid-density functional the-
ory study on the band structures of tetradymite-Bi2Te3,
Sb2Te3, Bi2Se3, and Sb2Se3 thermoelectric materials,”
J. Korean Phys. Soc. 69, 1683 (2016).
[54] J. M. Crowley, J. Tahir-Kheli, and W. A. Goddard,
“Accurate ab initio quantum mechanics simulations of
Bi2Se3 and Bi2Te3 topological insulator surfaces,” J.
Phys. Chem. Lett. 6, 3792 (2015).
[55] X. Luo, M. B. Sullivan, and S. Y. Quek, “First-
principles investigations of the atomic, electronic, and
thermoelectric properties of equilibrium and strained
Bi2Se3 and Bi2Te3 including van der Waals interac-
tions,” Phys. Rev. B 86, 184111 (2012).
[56] K. Shirali, W. A. Shelton, and I. Vekhter, “Importance
of van der Waals interactions for ab initio studies of
topological insulators,” (2019), arXiv:1905.01269.
[57] I. Aguilera, Ch. Friedrich, G. Bihlmayer, and S. Blu¨gel,
“GW study of topological insulators Bi2Se3, Bi2Te3,
and Sb2Te3: Beyond the perturbative one-shot ap-
proach,” Phys. Rev. B 88, 045206 (2013).
[58] M. Michiardi, I. Aguilera, M. Bianchi, V. E. de Car-
valho, L. O. Ladeira, N. G. Teixeira, E. A. Soares, Ch.
Friedrich, S. Blu¨gel, and P. Hofmann, “Bulk band struc-
ture of Bi2Te3,” Phys. Rev. B 90, 075105 (2014).
[59] A. I. Figueroa, G. van der Laan, L. J. Collins-McIntyre,
G. Cibin, A. J. Dent, and T. Hesjedal, “Local struc-
ture and bonding of transition metal dopants in Bi2Se3
topological insulator thin films,” J. Phys. Chem. C 119,
17344 (2015).
[60] A. Ghasemi, D. Kepaptsoglou, A. I. Figueroa, G. A.
Naydenov, P. J. Hasnip, M. I. J. Probert, Q. Ramasse,
G. van der Laan, T. Hesjedal, and V. K. Lazarov, “Ex-
perimental and density functional study of Mn doped
Bi2Te3 topological insulator,” APL Materials 4, 126103
(2016).
[61] J. Ru˚zˇicˇka, O. Caha, V. Holy´, H. Steiner, V. Volobuiev,
A. Ney, G. Bauer, T. Duchonˇ, K. Veltruska´, I. Kha-
lakhan, V. Matol´ın, E. F. Schwier, H. Iwasawa, K. Shi-
mada, and G. Springholz, “Structural and electronic
properties of manganese-doped Bi2Te3 epitaxial layers,”
New J. Phys. 17, 013028 (2015).
[62] W. Tokarz, R. Zalecki, M. Kowalik, A. Ko lodziejczyk,
A. Koz lowski, and J. Miotkowski, “Electronic band
structure and photoemission states of Bi1.96Mg0.04Se3,”
Acta Phys. Pol. A 126, A–127 (2014).
[63] T. R. Devidas, E. P. Amaladass, S. Sharma, A. Mani,
R. Rajaraman, C. S. Sundar, and A. Bharathi, “Ef-
fect of Sb substitution on the topological surface states
in Bi2Se3 single crystals: a magneto-transport study,”
Mater. Res. Express 4, 026101 (2017).
[64] X.Y. Wei, J.Y. Zhang, B. Zhao, Y. Zhu, and Z.Q. Yang,
“Ferromagnetism in Fe-doped Bi2Se3 topological insula-
tors with Se vacancies,” Phys. Lett. A 379, 417 (2015).
[65] T. Hirahara, S. V. Eremeev, T. Shirasawa, Y. Okuyama,
T. Kubo, R. Nakanishi, R. Akiyama, A. Takayama,
T. Hajiri, S.-i. Ideta, M. Matsunami, K. Sumida,
K. Miyamoto, Y. Takagi, K. Tanaka, T. Okuda,
T. Yokoyama, S.-i. Kimura, S. Hasegawa, and E. V.
12
Chulkov, “Large-gap magnetic topological heterostruc-
ture formed by subsurface incorporation of a ferromag-
netic layer,” Nano Lett. 17, 3493 (2017).
[66] Jia Zhang, J. P. Velev, X. Dang, and E. Y. Tsymbal,
“Band structure and spin texture of Bi2Se3 3d ferromag-
netic metal interface,” Phys. Rev. B 94, 014435 (2016).
[67] O. Sikora, J. Kalt, M. Sternik, A. Ptok, P. T. Jochym,
J.  Laz˙ewski, K. Parlinski, P. Piekarz, I. Sergueev, H.-
C. Wille, J. Herfort, B. Jenichen, T. Baumbach, and
S. Stankov, “Ab initio and nuclear inelastic scattering
studies of Fe3Si/GaAs heterostructures,” Phys. Rev. B
99, 134303 (2019).
[68] Here, the system with one vacancy should be understood
as the supercell after relaxation without the substituted
TM atom.
[69] A. D. Becke and K. E. Edgecombe, “A simple measure of
electron localization in atomic and molecular systems,”
J. Chem. Phys. 92, 5397 (1990).
[70] A. Savin, O. Jepsen, J. Flad, O. K. Andersen, H. Preuss,
and H. G. von Schnering, “Electron localization in solid-
state structures of the elements: the diamond struc-
ture,” Angew. Chem. Int. Ed. Engl. 31, 187 (1992).
[71] B. Silvi and A. Savin, “Classification of chemical bonds
based on topological analysis of electron localization
functions,” Nature 371, 683 (1994).
[72] Y. Sugama, T. Hayashi, H. Nakagawa, N. Miura, and
V. A Kulbachnskii, “Magnetoresistance and Shubnikov–
de Haas effect in magnetic ion-doped Bi2Se3,” Physica
B 298, 531 (2001).
[73] B. Wiendlocha, “Resonant levels, vacancies, and doping
in Bi2Te3, Bi2Te2Se, and Bi2Se3 tetradymites,” Journal
of Elec. Materi. 45, 3515 (2016).
[74] K. Carva, P. Bala´zˇ, J. Sˇebesta, I. Turek, J. Kudrnovsky´,
F. Ma´ca, V. Drchal, J. Chico, V. Sechovsky´, and
J. Honolka, “Magnetic properties of Mn-doped Bi2Se3
topological insulators: Ab initio calculations,” Phys.
Rev. B 101, 054428 (2020).
[75] H. J. von Bardeleben, J. L. Cantin, D. M. Zhang,
A. Richardella, D. W. Rench, N. Samarth, and J. A.
Borchers, “Ferromagnetism in bi2se3:mn epitaxial lay-
ers,” Phys. Rev. B 88, 075149 (2013).
[76] G. Tse and D. Yu, “The first principle study: Electronic
and optical properties in Bi2Se3,” Comput. Condens.
Matter 4, 59 (2015).
[77] H. Raebiger, S. Lany, and A. Zunger, “Electronic struc-
ture, donor and acceptor transitions, and magnetism of
3d impurities in In2O3 and ZnO,” Phys. Rev. B 79,
165202 (2009).
[78] S. Masoumi, E. Nadimi, and F. Hossein-Babaei, “Elec-
tronic properties of Ag-doped ZnO: DFT hybrid func-
tional study,” Phys. Chem. Chem. Phys. 20, 14688–
14693 (2018).
[79] A. Ciechan and P. Bogus lawski, “Transition metal ions
in ZnO: Effects of intrashell coulomb repulsion on elec-
tronic properties,” Opt. Mater. 79, 264 (2018).
[80] S.-Y. Xu, M. Neupane, Ch. Liu, D. Zhang,
A. Richardella, L. Andrew Wray, N. Alidoust, M. Le-
andersson, T. Balasubramanian, J. Sa´nchez-Barriga,
O. Rader, G. Landolt, B. Slomski, J. Hugo Dil, J. Os-
terwalder, T.-R. Chang, H.-T. Jeng, H. Lin, A. Bansil,
N. Samarth, and M. Zahid Hasan, “Hedgehog spin tex-
ture and Berry’s phase tuning in a magnetic topological
insulator,” Nat. Phys. 8, 616 (2012).
[81] T. Arakane, T. Sato, S. Souma, K. Kosaka,
K. Nakayama, M. Komatsu, T. Takahashi, Z. Ren,
K. Segawa, and Y. Ando, “Tunable Dirac cone in the
topological insulator Bi2−xSbxTe3−ySey,” Nat. Com-
mun. 3, 636 (2012).
[82] S. K. Kushwaha, I. Pletikosic´, T. Liang, A. Gyenis,
S. H. Lapidus, Y. Tian, H. Zhao, K. S. Burch, J. Lin,
W. Wang, H. Ji, A. V. Fedorov, Ali Yazdani, N. P. Ong,
T. Valla, and R. J. Cava, “Sn-doped Bi1.1Sb0.9Te2S
bulk crystal topological insulator with excellent proper-
ties,” Nat. Commun. 7, 11456 (2016).
[83] B. Cheng, L. Wu, S. K. Kushwaha, R. J. Cava, and
N. P. Armitage, “Measurement of the topological sur-
face state optical conductance in bulk-insulating Sn-
doped Bi1.1Sb0.9Te2S single crystals,” Phys. Rev. B 94,
201117 (2016).
[84] A. Wolos, A. Drabinska, J. Borysiuk, K. Sobczak,
M. Kaminska, A. Hruban, S. G. Strzelecka, A. Materna,
M. Piersa, M. Romaniec, and R. Diduszko, “High-
spin configuration of Mn in Bi2Se3 three-dimensional
topological insulator,” J. Magn. Magn. Mater. 419, 301
(2016).
[85] L.-X. Wang, Y. Yan, L. Zhang, Z.-M. Liao, H.-Ch.
Wu, and D.-P. Yu, “Zeeman effect on surface electron
transport in topological insulator Bi2Se3 nanoribbons,”
Nanoscale 7, 16687 (2015).
[86] M. Lang, L. He, X. Kou, P. Upadhyaya, Y. Fan, H. Chu,
Y. Jiang, J. H. Bardarson, W. Jiang, E. S. Choi,
Y. Wang, N.-Ch. Yeh, J. Moore, and K. L. Wang,
“Competing weak localization and weak antilocalization
in ultrathin topological insulators,” Nano Lett. 13, 48
(2013).
[87] J. J. Cha, M. Claassen, D. Kong, S. S. Hong, K. J.
Koski, X.-L. Qi, and Y. Cui, “Effects of magnetic dop-
ing on weak antilocalization in narrow Bi2Se3 nanorib-
bons,” Nano Letters 12, 4355 (2012).
[88] Z. Yue, K. Rule, Z. Li, W. Zhao, L. Sang, G. Yang, Ch.
Tan, L. Wang, A. Bake, and X. Wang, “Weak localiza-
tion and anti-localization in rare earth doped topologi-
cal insulators,” (2020), arXiv:2008.03919.
[89] M. Liu, J. Zhang, C.-Z. Chang, Z. Zhang, X. Feng,
K. Li, K. He, L.-l. Wang, X. Chen, X. Dai, Z. Fang,
Q.-K. Xue, X. Ma, and Y. Wang, “Crossover between
weak antilocalization and weak localization in a mag-
netically doped topological insulator,” Phys. Rev. Lett.
108, 036805 (2012).
[90] B. Xia, P. Ren, A. Sulaev, P. Liu, S.-Q. Shen, and
L. Wang, “Indications of surface-dominated transport
in single crystalline nanoflake devices of topological in-
sulator Bi1.5Sb0.5Te1.8Se1.2,” Phys. Rev. B 87, 085442
(2013).
[91] R. Singh, V. K. Gangwar, A. Singh, A. K. Ghosh,
S. Banik, A. Lakhani, S. Patil, and S. Chatterjee, “Gi-
ant longitudinal negative magneto-resistance under per-
pendicular magnetic field in Bi2−xFexSe3−xSx topolog-
ical insulators,” (2019), arXiv:1901.06231.
[92] H.-J. Kim, K.-S. Kim, J.-F. Wang, V. A. Kulbachin-
skii, K. Ogawa, M. Sasaki, A. Ohnishi, M. Kitaura, Y.-
Y. Wu, L. Li, I. Yamamoto, J. Azuma, M. Kamada,
and V. Dobrosavljevic´, “Topological phase transitions
driven by magnetic phase transitions in FexBi2Te3 (0 ≤
x ≤ 0.1) single crystals,” Phys. Rev. Lett. 110, 136601
(2013).
[93] R. Yu, W. Zhang, H.-J. Zhang, S.-Ch. Zhang, X. Dai,
and Z. Fang, “Quantized anomalous Hall effect in mag-
13
netic topological insulators,” Science 329, 61 (2010).
[94] C.-Z. Chang, J. Zhang, X. Feng, J. Shen, Z. Zhang,
M. Guo, K. Li, Y. Ou, P. Wei, L.-L. Wang, Z.-Q. Ji,
Y. Feng, S. Ji, X. Chen, J. Jia, X. Dai, Z. Fang, S.-
Ch. Zhang, K. He, Y. Wang, L. Lu, X.-C. Ma, and
Q.-K. Xue, “Experimental observation of the quantum
anomalous Hall effect in a magnetic topological insula-
tor,” Science 340, 167 (2013).
[95] C.-Z. Chang and M. Li, “Quantum anomalous Hall ef-
fect in time-reversal-symmetry breaking topological in-
sulators,” J. Phys.: Condens. Matter 28, 123002 (2016).
[96] F. Fei, S. Zhang, M. Zhang, S.. Adil Shah, F. Song,
X. Wang, and B. Wang, “The material efforts for quan-
tized Hall devices based on topological insulators,” Adv.
Mater. 32, 1904593 (2020).
[97] J. G. Checkelsky, J. Ye, Y. Onose, Y. Iwasa, and
Y. Tokura, “Dirac-fermion-mediated ferromagnetism in
a topological insulator,” Nat. Phys. 8, 729 (2012).
[98] N. Liu, J. Teng, and Y. Li, “Two-component anomalous
Hall effect in a magnetically doped topological insula-
tor,” Nat. Commun. 9, 1282 (2018).
[99] A. Singh, S. Kumar, M. Singh, P. Singh, R. Singh, V. K
Gangwar, A. Lakhani, S. Patil, E. F. Schwier, T. Mat-
sumura, K. Shimada, A. K. Ghosh, and S. Chatterjee,
“Anomalous Hall effect in Cu doped Bi2Te3 topological
insulator,” J. Phys. Condens. Matter 32, 305602 (2020).
[100] L. Pan, X. Liu, Q. L. He, A. Stern, G. Yin, X. Che,
Q. Shao, P. Zhang, P. Deng, Ch.-Y. Yang, B. Casas,
E. S. Choi, J. Xia, X. Kou, and K. L. Wang, “Probing
the low-temperature limit of the quantum anomalous
Hall effect,” Sci. Adv. 6, eaaz3595 (2020).
[101] R. R. Biswas and A. V. Balatsky, “Impurity-induced
states on the surface of three-dimensional topological
insulators,” Phys. Rev. B 81, 233405 (2010).
